Purpose: The purpose of this study is to determine how varying the compliance and resistance seen by the heart affects the heart and vascular system in a computer simulation model.
Results: In the simulation, the impedance of the AVD was constrained to being a resistance (R) and a compliance (C) in series: similar to a 1st-order model of the cardiovasculature system seen by the heart. By varying R and C, the steady-state performance of the heart was characterized. With these studies, it was found that i) the pressure, volume, and work done by the heart could be controlled by varying R and C. ii) a sick (i.e. enlarged) heart could be created by varying R and C, and iii) a healthy heart could be created by lowering the impedance.
Significance: These preliminary simulation results indicate an AVD concept device may have clinical applications toward promoting myocardial recovery or as a research tool for investigating the effects of sick and healthy hearts simply by controlling R and C seen by the ejecting heart.
Introduction:
An artificial vasculature device (AVD) is being developed by researchers at the University of Louisville Department of Surgery [1, 2] . This device will allow the left ventricle to pump directly into the AVD during systole as shown in Figure 1 .. During diastole, the AVD will then pump the blood to the body.
With this configuration, the load seen by the heart as well as the heart seen by the body can be defined by the control law used for the DC servo motor controlling the AVD pump. In this paper, we look at how the heart behaves by controlling the pump characteristics during systole. 
Method:
A dynamic seventh-order pressure-driven model of the human cardiovascular system as presented in Figure 2 was used to develop the concept of an artificial vasculature device (AVD) to promote myocardial recovery in heart failure patients. [ Figure 2 . 7th-order model for the body developed in [3, 4] To model the effect of the AVD, an eighth state was added: one which accepts blood from the left ventricle with a controlled impedance (i.e. dynamic pressure vs. flow relationship) when the left ventricle opens, and which then empties, delivering the blood to the body when the left ventricle closes. as shown in the shaded region of Figure 2 .
During systole, valve 1 opens, valve 2 closes, and the left ventricle pumps directly into the AVD. During diastole, valve 1 closes, valve 2 opens, and the AVD pumps to the aorta, resulting in counter-pulsitation.
A typical pressure signal with the AVD in place is shown in Figure 3 . Note that the left ventricle pumps into the AVD, seen by the AVD volume increasing during the systole. Once completed, the AVD discharges its volume into the aorta. 
Figure 3: Typical profiles with AVD device. Durnig systole, the LV pumps directly into the AVD (region 1). During diastole, the AVD discharges it's blood into the body (region 2) or waits for systole (region 3).
Physically, the AVD will be implemented using a DC servo motor driving a pump. By varying the control law on this motor, the pressure -flow characteristics seen by the heart in Region 1 can be made to behave as a Windkessel model as shown in This study looks at how varying each of these parameters affects the blood flow. 
Control Law:
During systole (i.e. when LVP > P(on)), the pressureflow relationship for a Windkessel model are:
(1)
where LVP is the left ventricle pressure, LVF is left ventricle flow, 's' is the LaPlace operator meaning derivative, 'X' is the position of the piston in the pump, and 'k' is a constant related to the pump area.
Equations (1) and (3) give two methods to implement a Windkessel model with the AVD. With (1), the flow from the heart is measured. The pressure applied by the AVD is then controlled to follow LVF passed through a low-pass filter defined by R and C. With (3), LVP is measured. The position of the AVD pump is then controlled according to a differential equation defined by R and C.
The significance of (1) and (3) is that any load can be applied to the heart simply by changing the differential equation used to control the motor.
Results:
Since the control law is somewhat arbitrary, the effects on the heart by varying R, C, and the back pressure (P(on)) is investigated. For a nominal case the AVD was operated such that the aortic valve opens at a left ventricular pressure of 50 mmHg. Peak LVP is assumed to be 120mmHg for a flow of 60cc/second. Nominal compliance (C) and resistance (R) were selected so that half of the impedance is contributed by each term. 
Conclusions and Future Work
From the simulation studies, the load seen by the heart can be varied through the AVD being developed. To maintain a constant work per stroke (or peak LVP), three parameters can be varied when implementing a Windkessel model: the compliance, the resistance, and the back pressure. From simulation studies, each is effective at adjusting the work and pressure produced by the heart -although each has a slightly different effect on the PV loop of the left ventricle. In addition,
A purely resistive load results in LVF being proportional to LVP A purely compliant load results in the derivative of LVF (LVV) being proportional to LVP.
Which of these three parameters are best suited for off loading the heart and determining the heart's response to each load -beyond what is presented above -remains to be determined using live animal studies.
These studies will focus on which type of load best promotes myocardial recovery and the heart's response to each load. Such studies are in the planning stages at the University of Louisville and will be reported in a later paper.
